BASIS OF CALCULATIONS
As is pointed out irk Ref. 4, the adiabatic restriction requires that a temperature be found such that the sums of the internal energies of the equilibrium mixture of products at that temperature must equal the initial Internal energy of formation of the chosen fnel. The pressure is then computed from the ideal gas law, taking into account the total number of moles of gas present at equilibrium at the temperature. The overpressure is found by subtracting I bar.
As before, 4 thermochemical data are represented by the five-parameter expression where T is the Kelvin temperature. In Table 2 are listed the internal energy parameters for the 25 gaseous and 15 condensed-phase species considered. Those for titanium species were Substances are gaseous unless otherwise specified.
4I

5
calculated from data in the JANAF tables,S recomputing the data so as to accommodate the universal choice of titanium vapor as the reference state. Parameters for the other species are taken from Ref. 4.
EQUILIBRIUM CONSIDERATIONS
THE SYSTEM TITANIUM-OXYGEN
Unlike magnesium and aluminum, the metals studied earlier, titanium forms a number of solid oxides. The compounds TiO, Ti 2 0 3 and TiO 2 are well known, and their formation accords with the solution chemistry of this transition metal. The phase diagram of the system Ti-O is reasonably well established up to the melting point. 9 ,1o Maxima in melting point appear to correspond to Ti 2 0, Ti 2 0 3 , Ti 3 05 and TiO 2 . TiO appears to melt incongruently. There is extensive solid-solution formation and considerable temperaturedependent polymorphic transition. Oxygen is soluble in titanium metal to the extent of about 25 atom-percent, yielding solid solutions which show metallic conductance. In general, the lower oxides are all nonstoichiometric and show semiconductor properties.
The phase diagram gives no direct evidence regarding the liquid phase, but the appearance is not inconsistent with that of a system with no discontinuities in the liquid phase.
For these reasons, it has been assumed in the present study that the liquid phase in the system Ti-O is conLintio;s that is, that there is complete miscibility from the metal to the composition Ti0 2 . This liquid is assumed to be an ideal solution of the liquids Ti, TiO, Ti 2 0 3 , Ti 3 Os and TiO 2 . Ti 2 0 was not included since no thermochemical or equilibrium data appear to be available for it.
The complexities of the solid phases have been ignored in the present study. Only a small number of points were at temperatures below the melting-point curveý most of these were for oxygen-rich systems in which solid TiO 2 formed or for carbon-rich systems in which TiC but no oxide at all resulted. Pure solid phases were assumed in those few cases where solid Ti30 5 , alone or with TiO 2 , appeared.
.In the computer program the presence of "liquid oxide" (that is, the liquid solution of oxygen in titanium) required in part that the temperature be above 2143 K (the melting point of TiO 2 and the highest temperature on the melting-point curve). This criterion was adopted for the sake of simplicity, and proved satisfactory in all but a handful of cases where a liquid was obtained, but below 2143 K. These points were recomputed, now waiving the temperature requirement for liquid oxide. It was found that this change made very little difference (at most a few tenths of a bar) in the computed pressure.
NWC TP 6544
A set of calculations was carried out for the system TNT-Ti-air using the quite different (and less reasonable) assumption that the liquid oxide phases were Pompletely immiscible with one another and with the liquid metal. Results were appreciably different, as to both adiabatic temperatures and pressures found. The pressures tended to be higher (by up -. to 12%) even though the temperatures were lower. This result was in accord with the reduction in fugacities accompanying solution formation.
It should be remarked that it was assumed that TiC, TiN and graphite, when present, existed as pure phases.
EQUILIBRIUM DATA
As in the previous study,4 equilibrium const.ants of formation were fitted to the fourparameter equation: Table 3 are listed the equilibrium constant parameters for all the species considered (except for the elements in the reference states, for which all the parameters are zero). Those for the titanium species were computed from the JANAF tables,$ with the data below 3591 K (the normal boiling point for titanium) recomputed to take into account the choice of titanium vapor as the reference state. (This choice was made to avoid the discontinuities that would otherwise occur at the melting and boiling temperatures of titanium.) Parameters for the other species are taken from Ref 4.
In application, each Kp (expressed in partial pressures) is first converted to a Kn (in terms of mole numbers). Then for any species the number of moles is given as a known -. ' -.
function of Kn and the "master variables": X = N102; Y = v-H 2 ; Z = VN 2 ; Ti; and Ace, which is the activity of carbon (standard state, graphite). (Formulas in the last sentence refer to '..* number of moles.)
EQUILIBRIUM CALCULATIONS
For argon, the mole number is always 0.4036, the number of moles in 1 m 3 of air at 298 K, 1 bar. For each of the five remaining elements, a material balance equation may be O ] written representing conservation of the number of moles of atoms of each element. The mole number of each of the chemical species present is a function of those of the elements in standard states and the activity of carbon; hence, five simultaneous equations in five unknowns (the five "master variables" referred to earlier) are obtained.
In actuality the maximum number of unknowns to be considered is four, since Y = V-H2 can always be found in closed form as a function of the others. Considering also the phase rule restriction, the number of variables to be solved for is four less the number of condensed phases. The Newton-Raphson method, as described in Ref. 4 , is then used to solve this set of simultaneous nonlinear equations. Substances are gaseous unless otherwise specified.
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An initial approximation scheme is available wherein it is assumed that oxygen is taken up in the order CO, TiO 1 , H 2 0, CO 2 . With insufficient oxygen to proceed beyond TiO, TiN is assumed. With excess carbon, TiC or C (solid) is assumed. Based on these assumptions, initial values of all the master variables can be found and the computation may be started. After the first computation in a series it is a M Atter of operator choice whether to repeat the initial approximation or to use the values of the master variables from the last run.
In any case, after convergence of the Newton's method of calculation, tests ere performed for the presence or absence of each condensed phase. If a change from those assumed has occurred the computation is rerun. This procedure continues until all the tests. are satisfied and no change in condensed phases is predicted. Further detail on the computational method with a copy of the computer program is given in Appendixes A and B to this report.
RESULTS
For all the systems studied the following were found: adiabatic temperatuee, 7 overpressure. and yield of each product in terms of moles and also as partial pressures for the gaseous products. Total concentration (metal plus fuel) was varied regularly over the range 0.1 to 10 kg/rn 3 and the fuel-to-metal ratio likewise was varied over the range 0.1 to 10.
In Table 4 the following data are given for titanium plus air (in the absence of fuel):
overpressures (bars), adiabatic temperatures (K), and product yields, expressed as molepercent for the gases and total mole number for condensed phases. The composition of the liquid oxide phase is given as x in the empirical formula TiOx (x ranging from 0 to 2). Table 5 gives overpressures in bars, with the temperature in parentheses, for the titanium. air-fuel mixtures. Each portion of the table is devoted to a particular fuel, and the fuels are arranged in decreasing order of oxygen balance, starting with the most oxygen-rich, PETN, and ending with the most oxygen-deficient, hexane. In each case, C + M represents the total concentration in kilogram/meter 3 , and CIM represents the mass ratio of fuel to metal. For each table entry a code indicates the condensed phases present; this code, described earlier, is also explained as a footnote to the table. 
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c. Fuel: HMX. (2492)
0.2 9.6 9.5 9.3 8.8 81 7 3 6.5
0.4 11.9 12.1 12.2 12 1 11 8 11 4 10.7 
0.2 9.6 9.6 9.5 9.3 9.1 8.9 8.6 7.4
7.5 7.6 7.8 7.9 7.9".. 
9.8 9.9 10.0 10 2 99 90 758 In 'rablo 6 is given the sot lw product yields for TNT-titanium-air at C/M =1.0, chosen us roprosont&tive. Mole-porcont in the vapor is given for each spe:cies that reaches at least 0,1% at some point. Numbers of moles of condensed phases arc also given. As with Table 4 , the composition of the liquid oxide phase is given as x in the emipirical formula '[iO.'
Prodi•a-yield data are available for all the syatcnu" run but have not been included in this report due to the bulk of data involved. They are avuilable from the author.
""DISCUSSION " Figure I shows the effect of total concentration (C -M) on adiabatic temperature for "pure titaniumn in air as well as for two representative (IM ratios for the oxygen-dericient The behavior of the pure metal is quite unlike that previously seen for aluminum (where a maximum in ' versus C + M occurred at approximately the A1 2 0 3 stoichiometry; see Ref. 4) . With titanium there is a steady increase in temperature with concentration, the result of the existence of a number of oxides, the formation of each being an exothermic process. Again, whereas aluminum showed formation of AIN at high concentrations, TiN does not form here as a product owing to the lesser high-temperature stability of TiN. The 
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curves for the explosive (relatively oxygen-rich) fuels are very similar to those for the metal alone.
With the oxygen-deficient fuels, first TiN and then TiC and graphite appear as products in the carbon-rich region. These tend to cause a falling off of temperature, as is seen in the case of hexane in Figure 1 . Figure 2 shows the strong effect of total concentration on overpressure. Nitrocellulose has been chosen as representative, all the fuels (except carbon) show a similar pattern. The large increase in number of moles of gaseous products combined with a much less profound change in temperature (Figure 1) is responsible for the monotonic increase in pressure.
The effect of CIM on temperature is shown in Figure 3 . In general, titanium has a higher heating value than any of the fuels used; hence, there is a generally observed decrease in temperature as titanium is replaced by fuel. At high concentrations with oxygen-rich fuels, the oxygen supplied by the fuel causes the temperature to rise at first, resulting in a shallow maximum in the curve. The considerable break downward in the curves for hexane again corresponds to the production of TiC and graphite.
Commonly, overpressure increases with CIM, as seen in Figure 4 , owing to the increase in number of moles of gases (CO + 1-12) as titanium is replaced by fuel. The maximum seen with hexane reflects the sharp drop in temperature, referred to above.
The nature of the fuel has little effect on the adiabatic temperature for the oxygenrich fuels. For the oxygen-deficient fuels there is a general increase in temperature as the oxygen balance increases (becomes less negative), as is shown in Figure 5 , presumably due to relieving the oxygen lack. Pressure is surprisingly insensitive to the nature of the fuel, except for the case of carbon which shows higher temperatures and markedly lowei pressures as a result of a much smaller quantity of gaseous product than with the hydrogen-containing fuels. Carbon also shows a very different set'of products from those represented in Table 6 . With carbon at high concentratons are seen large amounts of CN, C 2 N and C 3 and even several tenths mole-percent of the ions as a result of the high temperatures exper.enced, combined with the absence of hydrogen.
APPROXIMATIONS
Athow has examined 1 l the ideal-gas approximation for computation on internal explosions in the presence of the reactive metal aluminum. In those systems it appears that the only gas below its critical temperature is aluminum vapor, and for aiuminum7 the reduced pressure can be seen not to exceed 10-4 and the reduced volume not to be less than 200 so that no appreciable deviation from ideality should occur. It is anticipated that the same conclusions can be made regarding the titanium systems, although no estimates of the critical properties have been made and thus no estimates of errors attempted. 
4,---------------------------------------------------I-------
It was pointed out by Smith" 2 that radiation effects should be negligible when detonation takes place. When the combustion is a deflagration, however, the adiabatic assumption is expected to be less reliable. A comparison of the experim-ntal data on dust explosions reported by the Bureau of Mines 13 would seem to show that the computed results from the present report may be high by a factor of about two. It has, however, been pointed out by Baker et al. 14 that the Hartmann apparatus used by the Bureau of Mines investigators seriously underestimates the maximum overpressures to be expected. On this basis it is anticipated that the adiabatic results will show much less extreme negative departures from realistic maximlm overpressures. The program itself, which is listed in Appendix B, is written for the HP 9845A computer. Various sections are referred to by their labels.
MAIN PROGRAM Input Section
Fuel (accessible from line 1900). Enter formula and internal energy of formation. Computes formula mass; allows for zero C or H or no fuel. Resets flags.
Conc (accessible from line 1870). Resets counters. Enter C + K (total concentration in kg/m
3 ) and then C/M, as asked for.
Temp (for entering total temperature manually). May be accessed by use of special function key k4. After at least two trials, Temp may be bypassed and interpolation used to find the new temperature. Pressing k5, so that At$ = "Y", after two iterations allows for "automatic interpolation. If needed, the automatic interpolation may be stopped by pressing PAUSE, then k5 (which returns At$ to "N"), and finally k4 for manual setting of temperature.
Computation Section
Calc calls up the computational subroutines Eq, Tical, and Ex.
Eq is a subroutine of the miain program to evaluate equilibrium constants of formation of each of the 40 chemical species. Kp is first computed from the stored parameters t-. and then converted to Kn (expressed in mole numbers). Kp or Kr is defined as the ratio of the activity of the species to the product of the activities of C, Ti vapor, H 2 , N 2 , and 02, each raised to the aPProPrte p A L A2'-'3 and.. L3105, NKn is computed so as to avoid overflow at lower temperatures. For condensed phases, the standard state is the pure phase; for Kn, the standard state for gases is I mole (in I m 3 ).
Tical is the master subroutine which carries out equilibrium and energy calculations. Results are displayed as "dU" (net) and "T high" or "T low"; dU = 0 is desired for convergence. A new temperature approximation is performed automatically by interpolation, based on the previous T and dU values; or else it is entered manually with k4. A more detailed description of Tical will be found below. At Ex, results of the calculations are printed: temperature, overpressure, mole numbers of all products and the diagnostic features described under DIAGNOSTICS, below. .
Options are allowed at this point for changing CIM, C + M or for a new fuel.
SUBROUTINE TICAL
Tical is the major computational subroutine whose task is to find the numbers of 4.: moles of the products present at equilibrium at the selected temperature. The conditions to be satisfied (other than for the trivial case of argon) are the atom balances in C, H, N, 0, and Ti and the establishment of chemical equilibrium between each compound and its component elements in their reference states. Based on the values of the master variables and the equilibrium constant of formation, the mole number of each species is computed. Then the material balance in the elements 0, N, C, and Ti is written in terms of these mole numbers. When liquid oxide is present, the stoichiometric condition is that the sum of the activities (that is, mole-fractions) of the components of the solution should add to unity; this condition replaces the atom balance in titanium for this case. There thus results a set of up to four simultaneous nonlinear equations; this set'is the basis of the Newton-Raphson scheme to find the unknown parameters.
At the conclusion of an iteration, the newly generated values of the master variables are used to repeat the calculations. In favorable sititatiuns, each iteration results in improvement (although temporary divergence sometimes occurs). Iteration is repeated until the stoichiometric errors are less than one part in ten thousand.
Newt solves the set of simultaneous nonlinear equations needed to find the master variables. The Newton-Raphson method is used. In this subroutine it is necessary to find a number of derivatives numerically by observing the effect of a fractional change in each .
variable. This fractional change is set initially at 0.1. It is found that divergences which would otherwise occur when the errors are large can be averted by altering this fractional change to 0.5. This is accomplished by the use of special function key k8, when the computer is in a pause mode or is waiting for input. Depressing kg a second time will change the fraction back to 0. 1. The fractional errors in the stoichiometric conditions may be observed by the use of kl (TRACE VARIABLES Yn(*)/EXECUTE) after which will be displayed Y(1),
Y(2), etc., which are these fractional errors. The display of these will remain on the screen if PRT ALL is locked down.
Approx: To begin the calculation an initial approximation of the master variables is needed. In this approximation an arbitrary hierarchy of oxygen and nitrogen uptake is -, assumed. Ox•ygen is assumed to be taken up in the order CO, titanium oxides, H 2 0, CO 2 . If there is insufficient oxygen to form TiO, then TiN is assumed to be present. With excess C, C (solid) or TiC are assumed.
It has been found that Approx gives quite satisfactory values of the master variables at temperatures below about 3000 K; at higher temperatures the initial approximation may be in considerable error. After each entry into Temp the question is asked, "Do you want 'Approx'?". The default condition (obtained by pressing CONT) is "Y" for a new concentration (CIM or C + M) and "N" otherwise.
Flags sets the flags for condensed phases and gives the values of the temporary variables used in Newt. The criteria for the presence of a condensed phase are that the quantity of the phase, if previously computed, be nonnegative and that the formation constant be satisfied or exceeded. In the case of liquid oxide, the formation-constant requirement is replaced by the requirement that the temperature be above the melting-point curve (T = 2143 is used for simplicity; see text for discussion of this point) and that the sum of the activitiee of the components of the solution be no less than unity.
Two important indexes are qet by Flags. liflag gives the number of metal-plus-oxide phases (no greater than two); for liquid oxide solution, liflag = 1 except that, when TiC, C (solid), and liquid oxide are all present, liflag = 0. The index Ii gives the number of unknowns to be sought in Newt. Finally Flags gives initial values of the variables to be used in Newt.
Fx gives the fitting functions for Newt. There are three branches, depending on the value of liflag. Certain of the master variables are computed in Fx. After Diff is called, the current mole numbers of all species are generated. The subroutine returns to Newt the variable Fx, which is the fractional error in the stoichiometry in whichever element Newt is considering at the time.
Diff first computes those master variables which were not found in Fx. Then Spec and Oxides are called to compute the mole numbers of all species, and finally the errors inl stoichiometry for all elements (and the sum of activities when liquid oxide is present) are computed.
Spec computes the mole numbers of all gaseous species, given the current values of X, * Z, Acc, and Ti. Y = V112 is computed in closed form in Spec; it is needed for computations on hydrogen-containing species. For each species the appropriate formation equilibrium constant is used.
S"
Oxides computes the mole numbers of condensed metal and oxide phases. For two such phases (liflag = 2) the atom balance conditions for titanium and oxygen are used; for liflag = 1, only the titanium balance is used; for liflag = ()the oxygen balance is used.
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Nw I serves to route the computation to the proper portions of Tical. On first entry, the flags will have been set and control is sent to Newt-, except, if li = 0, provision exists for a c'.osud-form solution. In either case, Flags is called again. If any flag has changed, the 7 computation must be reperted for the new set of condensed phases; otherwise preparation is made for exit from 13cal at the line Energy, Energy computes from the storei. parameters the molar internal energy of each component and then the total change irt internal energy (dU) from the starting materials, taking into account the mole numbers of each species present. If the system Is at the melting point of any of the condensed phau.os present, the amounts of solid and liquid are computed from the energy balance, using the known energy of fusion. Control is then returned to the main program.
DIAGNOSTICS
Sumi is called at the end of each run to report the following items: (1) a check on the material balance of each element; (2) the activity of carbon (Acc) and the sum of the activities of the components of the liquid oxide solution; (3) a comparison of the computed amounts with the equilibrium conutants of formation for each condensed phase; and (4) the activities (mole-, fractions) of each component in the liquid oxide solution.
Suat is called whenever special function key kO has been depressed once, At ouch emergence from Newt the mole numbers of all species are presented in condensed form-this is followed by Sumi, the output of which has been just described. Those checks are of particular interest in troubleshooting. Depressing kO a second time will cancel calling up Sum.
Depressing ki will cause execution ofTRACE VARIABLES Yn(') Then during each iteration in Newt the relative error functions used to test convergence will be displayed. Each Yn() must drop below 0.0001 for convergence, This feature may be turned off by executing NORMAL.
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NWC TP 6544
I4Fleg1;Tcmn-Nti-FN~ti- A'
-'''"....,.,.
: -' . . --i .'_" . . '-"..." , + . :'...'-. "-., . . "--. . . ''""'"'-. . . --" --'" '"+. '' .
